Abstract Peptidylglycine a-amidating monooxygenase and dopamine b-monooxygenase are copper-containing proteins which catalyze essential hydroxylation reactions in biological systems. There are several possible mechanisms for the reductive O 2 -activation at their mononuclear copper active site. Recently, Karlin and coworkers reported on the reactivity of a copper(II)-superoxo complex which is capable of inducing the hydroxylation of phenols with incorporated oxygen atoms derived from the Cu(II)-O 2 Á-moiety. In the present work the reaction mechanism for the abovementioned superoxo complex with phenols is studied. The pathways found are analyzed with the aim of providing some insight into the nature of the chemical and biological copper-promoted oxidative processes with 1:1 Cu(I)/O 2 -derived species.
Introduction
Reductive activation of molecular oxygen is a common strategy for the generation of active-oxygen species in metalloenzymes. Peptidylglycine a-amidating monooxygenase and dopamine b-monooxygenase (DbM) are copper-containing proteins which catalyze essential hydroxylation reactions in biological systems [1] [2] [3] . These enzymes possess a similar active site consisting of a mononuclear copper ion supported by two histidine imidazoles and one methionine sulphur. The peptidylglycine a-hydroxylating monooxygenase (PHM) component of peptidylglycine a-amidating monooxygenase catalyzes the first step of the C-terminal amidation of glycine-extended peptides and DbM catalyzes the conversion of dopamine to norepinephrine, the neurotransmitter in the central nervous system. Two of the electrons required for the O 2 -activation process are stepwise supplied from an external reductant through another mononuclear copper site ligated by three histidine imidazoles, which is largely separated in space from the O 2 -reaction center [4] .
There are several possible mechanisms for the reductive O 2 -activation at a mononuclear copper active site (Scheme 1) [5] . The reaction of copper(I) and O 2 could produce a copper(II)-superoxo species (S) or a copper(III)-peroxo species (P 1 ). The subsequent transfer of another electron could afford a copper(II)-peroxo intermediate (P 2 ), whose protonation would give a copper(II)-hydroperoxo complex (H). The donation of a hydrogen atom to S or P 1 could also lead to a hydroperoxo intermediate H.
Furthermore, O-O bond homolysis of H could take place to give a copper(III)-oxo species (O). The copper(II)-hydroperoxo species H has been suggested as the key reactive intermediate in PHM and DbM [6] . However, recent enzymatic studies [7, 8] 
as well as theoretical studies
Electronic supplementary material The online version of this article (doi:10.1007/s00775-008-0447-7) contains supplementary material, which is available to authorized users. [9] [10] [11] [12] [13] have indicated that the copper(II)-superoxo species S is more likely to be the reactive species for the C-H bond activation of the substrates. Moreover, the X-ray structure of PHM at 1.85-Å resolution [2] clearly shows the existence of dioxygen bound in an end-on fashion compatible with a copper(II)-superoxo formulation. In addition to S and H, the possibility of the mononuclear copper(III)-oxo species (O) being the key reactive intermediate in DbM has been examined by theoretical calculations using the quantum mechanics/molecular mechanics method [11] . Recent structural and spectroscopic studies on a series of biomimetic model compounds have provided new valuable insights into the key reactive intermediates involved in the dioxygen processing at the mononuclear copper reaction centers in biological systems [5, [14] [15] [16] [17] [18] [19] [20] [21] . The mononuclear copper(II)-hydroperoxo (H) and copper(II)-superoxo species (S) have been widely investigated using several model compounds [5, [16] [17] [18] [19] [20] [22] [23] [24] [25] [26] .
The reactivity of the S complex appears to be similar to that known for other metal-superoxo species [27] [28] [29] [30] . When these complexes intervene in reactions with phenols, initial hydrogen abstraction (i.e., M-O 2 Á-? ArOH ?
M-OOH ? ArOÁ) is implicated, but it may not be the ratelimiting step [27] . The quinone and the hydroperoxide products observed could be explained from reactions of initially formed ArOÁ and its further interactions with an M-O 2 Á-complex. However, a number of different mechanisms have been suggested, including those that do not derive from initial M-O 2 Á-/ArOH hydrogen-atom abstraction chemistry [28, 29, [31] [32] [33] .
Recently, Karlin and coworkers [19] reported on the reactivity of a copper(II)-superoxo complex with the tris[4-dimethylamino-2-pyridylmethyl)amine] (NMe 2 -TMPA) ligand towards phenol-derivative substrates. This is the first report of a reaction of a well-characterized copper(II)-superoxo species with exogenous organic substrates. The reaction of [Cu(II)(NMe 2 -TMPA)(O 2
Á-

)]
? (A) with 2,6-di-tert-butylphenol and 2,4,6-tri-tert-butylphenol produces only 2,6-di-tertbutyl-1,4-benzoquinone (Scheme 2). Superoxo complex A is able to induce hydroxylation and also hydroperoxylation of phenols [19] [16] were able to detect the hydroxylation of a methyl group of the coordinated ligand. This superoxo complex also reacts with a number of monophenolic and diphenolic substrates to form the corresponding oxygenated and oxidized products, respectively, including phenoxyl radicals and the C-C coupled products that are typical for copper-dioxygen systems. This chemistry, however, had already been known for complex A [19] . The authors concluded from their observations that the initial step of all hydroxylation reactions is abstraction of a hydrogen atom from a phenol. The decisive question is now whether the hydroxoperoxo intermediate itself is capable of mediating the hydroxylation, or whether O-O cleavage has to occur first. In the latter case, a [Cu=O]
which subsequently attacks the substrate. In the present work the mechanism for the reaction between superoxo complex A and 2,6-di-(tert-butylphenol) is studied [19] . The pathways found are analyzed with the aim of providing some insight into the nature of the chemical and biological copper-promoted oxidative processes with 1:1 Cu(I)/O 2 -derived species.
Computational details
All the calculations were done using the B3LYP [34, 35] hybrid density functional. Open-shell systems were treated using the broken-symmetry unrestricted formalism. For all [19] .
THF tetrahydrofuran the open-shell structures, both the open-shell singlet and the triplet states were considered. Geometry optimizations were performed using a standard-valence lacvp basis set as implemented in the Jaguar 5.5 program [36] . For the firstand second-row elements, lacvp implies a 6-31G double-n basis set. For the copper atoms, lacvp uses a nonrelativistic effective core potential [37] , where the valence part is described by a basis set of double-n quality. Local minima were optimized using the Jaguar 5.5 program [36] . Transition states and analytical Hessians (second derivatives of the energy with respect to the nuclear coordinates) for all the stationary points were obtained using the Gaussian 03 program [38] with the same functional and basis set. The Hessians were used to determine the nature of each stationary point and to calculate zero-point energies, thermal corrections, and entropy effects. These last two terms were computed at -85°C. Accurate single-point energies were obtained using the cc-pVTZ(-f) basis set [39, 40] for all the atoms except the copper atoms, for which the lacv3p? effective core potential was used. The self-consistent reaction field method implemented in Jaguar 5.5 was used to evaluate electrostatic solvation effects using the lacvp* basis set [41, 42] . For the solvent tetrahydrofuran, a dielectric constant of 7.4 was used and the probe radius was set to 2.53 Å . In summary, final free energies given in this work include energies computed at the B3LYP/cc-pVTZ (-f)&lacv3p?//B3LYP/lacvp level of theory together with solvent effects obtained with the B3LYP/lacvp* method and zero-point energies, thermal corrections, and entropy effects calculated with the B3LYP/lacvp method at -85°C.
In the literature, several benchmark tests on the accuracy of the B3LYP functional have been reported [43] . On the basis of those results, an average error of 3-5 kcal/mol is expected for the computed relative energies for transitionmetal-containing systems [44] .
In the reaction mechanism studied here, we have analyzed three different spin states, namely the closed and openshell singlet and the triplet states. It is well known that the B3LYP functional does not provide the correct spin ground state of some iron complexes [45] [46] [47] . On the other hand, recent validation studies of several density functional theory methods [48] have shown the good performance of the OPBE functional for spin-state splittings [49] [50] [51] [52] [53] . Consequently, to check whether B3LYP yields the same trends for the spin-state splittings as OPBE, single-point calculations at the OPBE/cc-pVTZ(-f)&lacv3p?//B3LYP/lacvp level of theory were carried out for several structures that intervene in the reaction mechanism studied. In particular, we analyzed the open-shell singlet and triplet of structures 1, 2, TS12, and 3 of the reaction mechanism (vide infra). In all the cases studied, B3LYP and OPBE afford the same ground state, thus providing confidence in the use of B3LYP for the systems analyzed in this work (Table S32 ).
The variations of the aromaticity of the substrate in the first step of the reaction were measured using two aromaticity indexes. As a structure-based measure of aromaticity, we employed the harmonic oscillator model of aromaticity (HOMA) index, defined by Kruszewski and Krygowski [54, 55] as
where n is the number of bonds considered and a is an empirical constant fixed to give HOMA = 0 for a model nonaromatic system and HOMA = 1 for a system with all bonds equal to an optimal R opt value assumed to be achieved for fully aromatic systems. For C-C bonds, a is 257.7 and R opt is 1.388 Å . R i stands for a running bond length. This index has been found to be one of the most effective structural indicators of aromaticity [56, 57] . As a magnetic index of aromaticity, we used the NICS, proposed by Schleyer et al. [58] . This is one of the most widely employed indicators of aromaticity. It is defined as the negative value of the absolute shielding computed at a ring center or at some other point of interest in the system. Rings with large negative NICS values are considered aromatic. The more negative the NICS value, the more aromatic is the ring. The gauge-including atomic orbital method [59] has been used to perform calculations of NICS at ring centers [NICS(0)] determined by the nonweighted mean of the heavy-atom coordinates. As shown by Lazzeretti [60, 61] and Aihara [62] , the NICS(0) values contain important spurious contributions from the in-plane tensor components that are not related to aromaticity. So, to complement the NICS analysis, we also calculated the NICS (1) values, that is, NICS measured 1 Å above the center of the ring. NICS(1) reflects better the aromaticity patterns, because at 1 Å the effects of the p-electron ring current are dominant and local r-bonding contributions are diminished [60, 63, 64] . Furthermore, we also calculated the out-of-plane component of the NICS(1) value, NICS zz (1), which is considered to describe the p-electron effects even more accurately and is judged to be a better descriptor of aromaticity [64] .
Results and discussion
The resonance Raman spectrum of complex A in tetrahydrofuran [19] upon 18 O 2 isotopic substitution shows an O-O stretching frequency consistent with a bound superoxo species [5, 65, 66] . Furthermore, the resonance Raman spectrum of a 1:2:1 stoichiometric mixture of 16 [67] . Still, we decided to study both the g 1 and g 2 superoxo- From the geometrical parameters (Table 1 , Fig. 1 ), it can be seen that going from the end-on to the side-on structure, the Cu-O A and the Cu-N C distances increase by about 0.2 Å , while the Cu-O B distance is reduced by 0.6 Å . Copper(II) usually forms planar four-coordinated complexes, but pentacoordination (square pyramidal or trigonal bypiramidal) is also quite frequent. Copper(II) hexacoordinate complexes are less common. In line with this, coordination of a second oxygen atom to form the side-on structure results in an increase of the distance between the copper and the nitrogen atom N C of the complex trans to the O 2 moiety, which is pushed out of the coordination sphere of the metal. Since the ligand is not symmetric, the distance between the copper atom and each of the oxygen atoms is not exactly the same. The values of the O A -O B bond length in Table 1 as compared with that of molecular oxygen (1.207 Å ) [68] are consistent with a superoxide Cu(II)-O 2 Á-electronic structure.
When the free energies of the different spin states studied for the end-on and the side-on structures are compared, the triplets are always the most stable ones ( Table 2 ). Density functional theory calculations are not fully reliable in computing energies for open-shell singlet species [69, 70] . Nevertheless, the energy difference between the open-shell singlet and the triplet states in our system is large enough to be fairly confident that the order of the spin-state energies will not be changed by the use of a more sophisticated level of theory. The singlet-triplet energy gap is larger for the side-on than for the end-on structure in this kind of species as reported in previous studies [26, 71] . The closed-shell singlet has only been found for the end-on structure and in this case it is 23.1 kcal/mol higher in energy than the corresponding triplet. For this reason, only the open-shell singlet and triplet spin states are taken into consideration in our study. Furthermore, for both the open-shell singlet and triplet spin states, the end-on structure is always around 8 kcal/mol Fig. 3 End-on triplet spin structure of the model of the synthetic complex studied by Karlin and coworkers used in the present study In the open-shell singlet and triplet spin state structures for A, most of the spin density is found in the copper atom and in the superoxide moiety. As can be seen in Table 2 , for the end-on structures, the singlet state has the two unpaired electrons localized in the copper and O 2 moieties, thus in accordance with an end-on superoxide Cu(II)
Experimentally the complex is EPR-silent. At this point, it is interesting to remark that the ground state for a similar complex, [Cu(g 1 -O 2 )TMG 3 -tren] ? , did not exhibit an X-band EPR spectrum, which is consistent with the compound having either a triplet or a singlet structure. However, the paramagnetic NMR spectrum, together with the solution magnetic susceptibility, provided evidence for the ground triplet spin state, at least under experimental conditions [26, 71, 72] . Our results also point out that the ground state for the complex studied is a triplet.
To date, few copper compounds have been reported to exhibit ground-state triplet electronic structures. Another recent example is a copper(II) compound containing an arylnitroxyl ligand [26, 71] , which exists predominantly in the triplet state at temperatures between -173 and 27°C. The preference for the triplet spin state has been suggested to arise from the high-spin density on the nitroxyl, geometrically orthogonal to the orbital containing the unpaired electron on copper.
The analysis of the two singly occupied molecular orbitals (SOMOs) in the triplet state of the [Cu(II)(NMe 2 -TMPA)(O 2 Á-)] ? complex (Fig. 2 ) is fully consistent with the spin density values given in Table 2 . Thus, one of the unpaired electrons is mainly located in the out-of-plane p* molecular orbital (MO) of dioxygen (SOMO1 in Fig. 2) , while the other corresponds mainly to the antibonding combination between the filled d 2 z orbital on copper and the in-plane singly occupied p* MO on dioxygen with which it overlaps. As discussed by Cramer et al. [73] , splitting of the O 2 p* levels owing to hybridization of one of these orbitals with the d [26, 71] , the two SOMOs are almost orthogonal to each other.
To reduce the size of the system studied, we decided to replace the NMe 2 substituents of the ring by hydrogen atoms (Fig. 3) . In the new model, the geometry of the core (Table 3 ) and the spin densities as well as the relative energies of the different electronic states studied (Table 4) are almost identical to the ones of the complete system (Tables 1, 2) .
The reaction starts with the end-on form of the complex. First of all, a hydrogen-atom transfer takes place, which means that one proton and one electron are transferred at the same time (Scheme 3, Fig. 4) .
For the triplet spin state of the product, the distance between the oxygen atom O B of the complex and the proton from the hydroxyl group of the substrate is reduced from 2.07 Å ( (Table 5 ). In the substrate, there are also important changes in the bond distances. The O C -C A and C B -C C distances decrease, while the C A -C B and C C -C D distances increase (Fig. 4) . Before the hydrogen transfer, no spin density is observed in the substrate. However, once the reaction has taken place, the oxygen atom O B has lost almost all the spin density, while there is one electron delocalized in the ring (Table 6 ), which partially loses its aromaticity (vide infra).
The triplet spin state of structure 1 is 4.6 kcal/mol more stable than the open-shell singlet. The barrier for the hydrogen transfer is 9.4 kcal/mol for the triplet spin state, whereas TS12 for the open-shell singlet is placed at 13.1 kcal/mol with respect to the triplet spin state of structure 1 (Table 6) .
We also took into account the possibility of a direct attack of the copper superoxo at the para carbon of the substrate (Scheme 4). The energy barrier found for this step is 30.3 kcal/mol for the triplet spin state and 30.5 kcal/ mol for the open-shell singlet spin state. The product of the direct attack (structure 2 0 ) is 29.7 kcal/mol higher in energy with respect to the initial structure 1 for the triplet spin state and 29.4 kcal/mol for the open-shell singlet spin state. As we will see in the next paragraphs, the transition state with the highest energy in our proposed reaction mechanism is about 7 kcal/mol more stable than the most stable transition state found for this step. Consequently, the possibility of a direct attack of the copper superoxo at the para carbon of the substrate has to be discarded. Scheme 3 indicates that in the first step of the reaction there is a reduction of the aromaticity of the substrate. To obtain more information on how the aromaticity changes, we decided to compute the HOMA value, a structural index, and a series of NICS indexes as magnetic descriptors (see ''Computational details''). Since the two faces of the ring are not completely equivalent, we decided to compute the NICS(1) and NICS(1) zz in both sides of the ring (Fig. 5) .
The results listed in Table 7 show that the HOMA value for the ring of the free substrate and that for the same ring when the substrate interacts with the complex are almost the same. In TS12, a small decrease is observed for this index, but the reduction of the HOMA value is much more important in structure 2. This means that the main decrease of the aromaticity occurs once the transition-state structure has been reached. Using the NICS indexes, NICS(0), NICS(1), and NICS(1) zz , we can also conclude that the aromaticity of the ring decreases when this first step of the mechanism takes place ( Table 8 ). The NICS values computed at positions a and b are almost equivalent, since the variations they reflect are nearly the same. For this reason, only the values for position a are reported in Table 8 .
The isomerization of hydroperoxo species has been discussed in several theoretical studies on iron-based hydroxylation reactions [74, 75] . For this reason we decided to investigate the proton transfer from one of the oxygen atoms of the hydroperoxide moiety to the other (Scheme 5). The energy of the transition state for the isomerization of the hydroperoxo species relative to structure 1 is 39.3 kcal/mol for the triplet spin state and 39.7 kcal/mol for the open-shell spin state. The intermediate 2 00 that it is formed subsequently has a relative energy of 28.6 and 29.4 kcal/mol for the triplet and the open-shell spin state, respectively. The high energy values we obtained for the structures that intervene in the isomerization of the hydroperoxo species lead us to conclude that species 2 00 does not participate in the mechanism of the hydroxylation of phenols mediated by the complex that we have studied.
After the hydrogen transfer, a change in the disposition of the substrate is needed. This is due to the fact that the carbon atom that has to be attacked by the hydroperoxide moiety is in a para position with respect to the oxygen of the ring from which the hydrogen has been abstracted. This reorganization of the system is endothermic for the openshell singlet and the triplet structures by 4.4 and 0.2 kcal/ mol, respectively. On the other hand, it could also be possible that the copper(II) complex got the hydrogen atom from one molecule of the substrate and subsequently the superoxide moiety formed attacks another different molecule of the substrate. This alternative pathway would avoid the need for substrate reorientation. To study this possibility, at least two substrate molecules should be included in the model, which would increase considerably the size of the system studied. The analysis of such a reaction pathway is beyond our present available computational capabilities and will not be discussed here. This notwithstanding, the rate-limiting step for the mechanism studied is not the step that transforms structure 2 into structure 3, and, consequently, the conclusions reached using the present model will not be modified substantially by using the enlarged model.
Once the substrate is in the right position, depending on the spin state, there are two different pathways. For the open-shell singlet spin state, first the attack on the ring by oxygen atom O A takes place and then there is the O-O Scheme 6 C-O bond formation and O-O bond cleavage for the singlet state in the system studied (3 ? 4 ? 5). For the triplet spin state the C-O bond formation and the O-O bond cleavage take place in a single step (3 ? 5) Table 9 Comparison of geometrical parameters for the structures that intervene in the C-O bond formation and the O-O bond cleavage [12, 76] . One might think that structure 3 could generate oxidative coupling side reactions [16] ; however, such side reactions have been not observed experimentally [19] . Then, it is unlikely that these possible side reactions could have a significant influence on the reaction mechanism and, for this reason, they have not been analyzed in the present work.
Starting from the open-shell singlet of structure 3 (Scheme 6), oxygen atom O A of the complex attacks carbon atom C D of the substrate. Apart from the C-O bond formation, it can be noticed that the O A -C D distance Scheme 7 Second hydrogen transfer in the system studied (5 ? 6) and the formation of the quinone (6 ? 7) Table 11 Comparison of geometrical parameters for the structures that intervene in the second proton transfer
Structures
Multiplicity Distances (Å ) (Table 9 , Fig. 6 ). These geometrical changes are consistent with the formation of a quinone ring. In this step, there is an electron transfer from the substrate to the copper atom. The copper is reduced form copper(II) to copper(I) and there is no spin density in structure 4 with a closed-shell singlet ground state (Table 10) (Table 9) . In this reaction, a hydroxyl radical is obtained an copper(I) is oxidized to copper(II) (Table 10) . Consequently, the O-O cleavage starts from a closed-shell singlet structure and ends in an open-shell singlet with one unpaired electron on copper(II) and the other in the hydroxyl radical.
For the triplet spin state, the structure equivalent to structure 4 found for the singlet state does not exist because TS35 connects structures 3 and 5 directly. In this transition state the C-O bond formation and the O-O bond cleavage take place in a concerted manner (Fig. 7) . In this structure (TS35), some spin density on the substrate can still be found. It should be mentioned that it was not possible to find this transition state for the open-shell singlet state and that all the attempts lead to TS34 or TS45 structures.
For structures 1, TS12, 2, and 3, the triplet spin state is always slightly more stable than the open-shell singlet. However, the relative free energy of TS35 (38.2 kcal/mol) is much higher than that of TS34 (22.7 kcal/mol), the formation of which corresponds to the rate-determining step of the reaction. Consequently, there is a spin-state crossing while the C-O bond cleavage is taking place, when moving from structure 3 to TS34. Since the triplet spin state for structure 5 is again lower in energy than the corresponding open-shell singlet, when the O-O bond cleavage occurs, there should be another spin state crossing in the path from TS45 to structure 5.
It should be mentioned that we also tried to find a pathway where the O-O bond cleavage took place before the C-O bond formation occurred. However, all attempts to find a transition state with the weakening of the O-O bond and without forming the new C-O bond led to structure 3.
Once the new C-O bond is formed and the O-O bond is cleaved, another hydrogen atom, one proton and one electron, is transferred from the substrate. This leads to the formation of one water molecule (Scheme 7).
Although the hydroxyl radical is not bound to the copper complex and is relatively far away from the substrate, it abstracts the hydrogen atom from the ring (Table 11 , Fig. 8) .
In this step, spin density appears again on the substrate, which means that there is one delocalized electron again (Table 12 ). This electron is going to be transferred to the copper ion in the final step of the reaction, leading to the formation of copper(I) and the quinone molecule.
The relative free energies for the suggested reaction mechanism for the hydroxylation of phenols with an endon bound superoxo-copper(II) complex are shown in Fig. 9 . The reaction starts with the end-on triplet spin state of the complex. In the first step the first hydrogen-atom transfer takes place with a barrier of 9.4 kcal/mol (TS12). Then, a rearrangement of the substrate occurs, placing its carbon atom in the para position with respect to the oxo group of the ring close to the peroxide moiety of the complex (structure 2 ? structure 3). Afterwards, a new C-O bond between the oxygen atom closer to the copper atom and the ring is formed (structure 3 ? structure 4). In this step, a transition from the triplet to the singlet surface occurs. Subsequently, the O-O bond cleavage takes place (structure 4 ? structure 5), forming a hydroxyl radical. During this transformation, the system returns to the triplet state. Then, another hydrogen atom is transferred from the ring of the substrate to the hydroxyl radical, leading to the formation of a water molecule (structure 5 ? structure 6) and recovering the open-shell singlet structure. Finally, one electron from the substrate is transferred to the copper(II) atom, which is reduced to copper(I) and the quinone molecule is formed (structure 6 ? structure 7).
Conclusions
The mechanisms for enzymatic hydroxylations of substrates by DbM and PHM are not completely known. For this reason, model studies addressing copper(II)-superoxide reactivity patterns and the O-O cleavage reaction of the Cu(II)OOH species are of considerable interest. In this article, the mechanism of the hydroxylation of phenols mediated by an end-on bound superoxo-copper(II) complex was described. The triplet spin state is the ground state for the complex studied. The rate-determining step for the mechanism is the C-O bond formation, which occurs in the open-shell singlet state. For the system studied, the O-O bond cleavage cannot take place before the C-O bond formation. Consequently, the corresponding [Cu=O] 
